Axenfeld-Rieger syndrome and spectrum of PITX2 and FOXC1 mutations Axenfeld -Rieger syndrome (ARS) is a rare autosomal dominant disorder, which encompasses a range of congential malformations affecting the anterior segment of the eye. ARS shows genetic heterogeneity and mutations of the two genes, PITX2 and FOXC1, are known to be associated with the pathogenesis. There are several excellent reviews dealing with the complexity of the phenotype and genotype of ARS. In this study, we will attempt to give a brief review of the clinical features and the relevant diagnostic approaches, together with a detailed review of published PITX2 and FOXC1 mutations.
Introduction
Axenfeld -Rieger syndrome (ARS) is mainly characterised by anterior segment abnormalities (anterior segment dysgenesis, ASD) of the eye, and comprises a clinically and genetically heterogeneous group of conditions with a varying degree of developmental abnormalities involving both ocular and extraocular structures. 1 Several classifications of anterior segment disorders have been suggested and the terminology used is quite complex. In this review, the general term ARS will be used for the conditions, Axenfeld anomaly, Axenfeld syndrome, Rieger anomaly and Rieger syndrome. 2, 3 As our understanding of the embryology and genetics of the eye development increases, these terminologies and classifications may take new shapes. The other disorders of the anterior segment, such as Peters anomaly and iris hypoplasia/iridogoniodysgenesis anomaly/syndrome will be mentioned only briefly and the focus of the review will be mainly on the ARS.
Clinical features
The clinical features of ARS can be roughly divided into ocular and non-ocular (systemic) changes.
Ocular changes
The ocular abnormalities observed in ARS affect mainly the iris, cornea and the chamber angle (Figure 1a -d) .
In brief
Axenfeld -Rieger syndrome (ARS) is an umbrella term used to describe a variety of overlapping phenotypes, in which the major physical condition is the anterior segment dysgenesis of the eye.
Patients with ARS may also present systemic malformations with incomplete penetrance and variable expressivity. The major systemic features are mild tooth abnormalities (microdontia, hypodontia, oligodontia and adontia) and redundant periumbilical skin. Craniofacial dysmorphism such as maxillary hypoplasia, sensory hearing loss, hypertelorism and congenital heart defects may also be part of the clinical spectrum. ARS is a dominantly inherited condition with genetic heterogeneity.
Mutations in the transcription factors, PITX2 and FOXC1, lead to ARS. The mutations show great diversity from intragenic mutations (PITX2 and FOXC1) to submicroscopic deletions (PITX2 and FOXC1) or duplications (FOXC1), to chromosome rearrangements (PITX2).
There is no clear genotype -phenotype relationship but ARS patients with systemic changes usually have PITX2 mutations. The underlying genetic defect is unknown in 60% of the cases and there are at least two more loci associated with ARS, but the genes involved are yet to be identified.
The major clinical concern is the risk of developing sight-threatening glaucoma, which is observed in 50% of the patients.
Iris Observation of iris changes is important in establishing the ARS diagnosis and these include thinning of the iris (hypoplasia), displacement of the pupil (corectopia) (Figure 1a ) or hole formation in the iris mimicking multiple pupils (polycoria) (Figure 1b ). The iris changes may be very subtle (only slight peaking of the pupil) and may seem to be normal without examination of the iridocorneal angle (gonioscopy). Dependent on the placement of the pupil corectopia and polycoria may cause photophobia and cosmetic problems.
Cornea The Schwalbe's line (the peripheral termination of Descemet's membrane and the anterior limit of the trabeculum) is prominent and displaced anteriorly (posterior embryotoxon) (Figure 1c ). It appears as a white line on the posterior cornea, near limbus and can be observed in slit lamp examination and it is easily diagnosed on gonioscopy. Posterior embryotoxon is found in most ARS patients, but is not required for diagnosis. 4 Approximately 15% of the general population has posterior embryotoxon, without increased risk of developing glaucoma. 5 When posterior embryotoxon is identified in a patient with an anterior segment disorder, the first consideration should be ARS. Absence of other corneal abnormalities, such as megalocornea, sclerocornea and corneal opacity are the useful criteria in distinguishing ARS from other anterior segment disorders. Chamber angle In ARS, a characteristic chamber angle appearance is observed and the iris strands bridge the iridocorneal angle to the trabecular meshwork (Figure 1d ). The iris processes/strands may be attached to the Schwalbe's line and may have variable thickness. Presence of these changes should be examined with gonioscopy, whenever ARS is suspected.
Increased ocular pressure (IOP) leading to glaucoma is the major consequence of the eye dysgenesis observed in ARS, where approximately half of the patients develop secondary glaucoma. 1 Glaucoma can develop in infancy, but usually occurs in adolescence or early adulthood. In some cases it can be observed after middle age. As ARS patients are at risk of glaucoma development throughout their lives, they should be examined annually for the changes in IOP and the optic nerve head.
Systemic findings
Axenfeld -Rieger syndrome patients may have accompanying systemic features. The most characteristic features are mild craniofacial dysmorphism (Figure 2 ), dental anomalies and redundant periumblical skin. The midface abnormalities include hypertelorism, telecanthus, maxillary hypoplasia with flattening of the mid-face, prominent forehead, and broad, flat nasal bridge. Dental abnormalities may be small teeth (microdontia) or fewer teeth than normal. In the abdominal region, a failure of involution of the skin resulting in redundant periumbilical skin can be seen and this may be mistaken for an umbilical hernia. Hypospadia in males, anal stenosis, pituitary abnormalities and growth retardation may also be found. Systemic changes other than these are usually not considered as the classical features of ARS. 
Other disorders with ASD

Embryology of the anterior segment
The anterior segment of the eye includes all the structures (cornea, iris and chamber angle) lying between the front surface of the cornea and the front surface of the vitreous. A developmental defect of these structures, which are 
Genetic basis of ARS
The conditions that comprise ARS are inherited in autosomal dominant manner with high penetrance. ARS is genetically heterogeneous and mutations in different genes lead to similar clinical conditions. ARS has been associated with mutations of two known genes: PITX2 (the pituitary homeobox 2 gene) at 4q25 9 and, FOXC1 (the forkhead box C1 gene, FKHL7) at 6p25. 10, 11 A third locus was suggested by deletion of 13q14, supported by linkage analyses, but a disease-causing gene has not been identified yet. 12, 13 In two isolated cases, deletion of the 16q23-q24 region 14 and deletion of the PAX6 gene at 11p13, 15 respectively, were related to ARS, but these findings were not supported by other studies. In B60% of patients the genetic defect in ARS is not known (not caused by mutation of an already identified gene). 16 However, accurate estimation of the prevalence of mutations, is hampered by the fact that this is a rare condition and screening of large cohorts is not possible.
PITX2 and FOXC1
The two known ARS-associated genes, PITX2 and FOXC1, both encode developmental transcription factors (Table 1) . Transcription factors are proteins, which regulate expression of downstream target genes through binding to specific DNA sequences and activating transcription. Transcription factors play an important role in orchestrating normal embryonic development and their expression is regulated precisely in temporal and spatial patterns. The PITX2 gene encodes a homeodomain-containing transcription factor, which recognizes and binds to specific The gene produces four mRNA transcripts (PITX2A-D), but a translation product of PITX2D has never been detected. The three other isoforms (A -C) differ at the N terminus, but they all include the 60-amino-acid homeodomain. They all have identical C termini with a conserved 14-amino-acid OAR domain (otp, aristaless and rax), which is predicted to mediate protein -protein interactions and self-inhibitory interactions with the N terminus. 17 The smallest isoform, PITX2A (32 kDa), is the best studied with regards to ARS malformations and the PITX2 mutations reviewed in this study are described with regards to this isoform (Supplementary Figure 1) . 18 The FOXC1 gene is a member of the forkhead family of transcription factors that play important roles in embryogenesis, tissue-specific gene expression and tumor development. FOXC1 recognizes and binds to specific DNA sequences through the conserved 110-amino-acid forkhead domain (FH), and thereby activates the target genes. Transactivaton function requires two activation domains, AD-1 and AD-2, and the activity of these domains is attenuated by the inhibitory domain (ID). FOXC1 is suggested to have a key role in cardiac, renal, ocular and cerebral morphogenesis. 19 During mouse embryogenesis, both Pitx2 and Foxc1 are expressed in the organs and tissues affected in ARS. In the developing mouse eye, Pitx2 and Foxc1 are co-localized in periocular mesenchyme and they interact physically through crucial functional domains. 20 Furthermore, PITX2
can act as a negative regulator of FOXC1 activity, by binding to FOXC1 and repressing activation of putative FOXC1 target genes. 20 This interaction has importance in understanding the effects of the different mutations of these genes as explained below.
PITX2 defects and ARS
The most common PITX2 defects leading to ARS are point mutations (Table 2 ), but several cases of chromosomal aberrations, such as interstitial deletions and/or translocations involving chromosome 4q25, have been described in patients with overlapping ARS phenotypes. Chromosome rearrangements involving PITX2 or its surrounding genomic landscape have been observed in 10 ARS patients, 22 -29 and only eight of these cases have been investigated further. 23 -26,28,29 Three of the cases had deletions at the 4q25 breakpoints directly affecting PITX2, 25, 28, 29 and in five cases the translocation breakpoints were located up to 90 kb upstream of the gene. 23, 24, 26 In about 14 ARS patients, the genetic defect was a microscopic or submicroscopic deletion of the 4q25 region including PITX2. 24,28,30 -39 In only few cases, the extent of the deletions was characterized by molecular means 25, 28, 38 and clinical features of these patients do not differ substantially from the phenotypes caused by point mutations of PITX2. 28 Submicroscopic duplications of PITX2 have not been reported in ARS patients, but duplication of the distal region of 4q (including 4q25 and PITX2) has been described in one patient. 40 To our knowledge, intragenic mutations of PITX2 have been described in 41 patients and these include, missense (n ¼ 18), nonsense (n ¼ 4) and splice-site mutations (n ¼ 5), and deletions/insertions/duplications (n ¼ 14). All these mutations are described in Table 2 and shown in Supplementary Figure 1 . Most of the missense mutations (15 out of 18) are within the homeodomain of the gene, which plays a major role in target DNA motif recognition and binding.
PITX2 mutations have also been associated with Peters anomaly, 41 iris hypoplasia/iridogoniodysgenesis syndrome, 42, 43 and ring dermoid of the cornea, 44 but these are single cases and PITX2 mutations are mainly detected in ARS patients with systemic changes.
FOXC1 defects and ARS
The most common FOXC1 defects leading to ARS are point mutations (Table 3) , but segmental and telomeric chromosome rearrangements of the chromosome region 6p25, including the FOXC1 gene, occur almost at a similar prevalence. 45, 46 Balanced chromosome rearrangements involving FOXC1 or its surrounding landscape are rare, but a balanced t(6;13) translocation in an ARS patient lead to identification of FOXC1, as a causative gene for this disorder. 11 On the other hand, there are more than 40 deletions, either interstitial or telomeric, involving 6p25 45, 47, 48 and the patients frequently present with ocular, craniofacial, skeletal, cardiac, and renal malformations, hearing loss, and hydrocephalus. 47 The phenotypic variation seen in these patients are largely because of the size of the deletions and the genes involved. Ocular anomalies of the anterior segment, such as posterior embryotoxon and iris hypoplasia, are commonly observed in these patients, and these are attributed to the deletion of the FOXC1 gene or its regulatory elements. Furthermore, interstitial duplications of FOXC1 have also been observed in patients with ASD. 49 -51 To our knowledge intragenic mutations of FOXC1 have been described in 46 patients and these include missense (n ¼ 23) and nonsense mutations (n ¼ 6), and deletions/ insertions/duplications (n ¼ 17). These mutations are described in Table 3 and shown in Supplementary Figure 2 . All the missense mutations, except one, are within the forkhead domain and many of these mutations were investigated functionally (Table 3) . FOXC1 mutations are mainly detected in ARS patients without extraocular changes, but FOXC1 mutations have also been detected in patients with systemic abnormalities (Table 3) . Furthermore, FOXC1 mutations are also detected in rare cases of Peters anomaly, 52, 53 iris hypoplasia/iridogoniodys- 54 and aniridia. 55 Disease causing mechanisms of PITX2 and FOXC1 mutations The mutations observed for PITX2 and FOXC1 show a broad spectrum suggesting that different disease-causing mechanisms lead to ASD. Both PITX2 and FOXC1 are dosage sensitive and alteration in the level of functional protein (either increased or decreased) is a disease-causative mechanism. Microscopic or submicroscopic deletions of both PITX2 and FOXC1 are known to result in ARS through haploinsufficiency (presence of a single copy of the gene, in which the other copy is inactivated because of mutation). Furthermore, several studies have shown that duplication of FOXC1 may also lead to ARS phenotype. Berry et al 20 have shown that FOXC1 transcriptional activity was negatively regulated by PITX2 and this explains how contrasting mutations (duplication of FOXC1 and deletion of PITX2) lead to similar phenotypes: PITX2 binds to FOXC1 and this represses activation of putative FOXC1 target genes. When PITX2 is mutated, the FOXC1 target genes are activated leading to ARS. Duplication of FOXC1 may also have a similar effect, through overcoming the repression activity of PITX2. Identification of target genes regulated by PITX2 and FOXC1 will enable further understanding of the underlying ARS pathologies.
Chromosomal rearrangements some 90 kb upstream of PITX2 may also be pathological and this is likely to be because of removal of some regulatory elements from the gene, leading to the reduction of gene expression. 56 Such long-range position effects have previously been suggested for other disorders 57 and interestingly FOXC1 has also been associated with long-range position effects. 58 Some of the missense mutations leading to amino acid substitutions and other types of mutations have been investigated by functional studies and these mutations alter the protein function in varying degrees (Tables 2 -3 and Supplementary Figures 1 -2) . Most of the intragenic PITX2 mutations are loss-of-function mutations, which result in defective DNA binding, decreased transactivation capability of downstream genes, or both (Table 2) . However gain-of-function mutations of PITX2 were also detected ( Table 2 ) and this suggests that excess PITX2 may also lead to ARS. A single mutation with a dominant negative effect on the wild-type protein has also been described (Table 2) . Similarly, missense mutations of FOXC1 were shown to effect the nuclear localization, DNA-binding ability and The mutations described in this table are shown on the PITX2 cDNA sequence in Supplementary Figure 1 . The nucleotide numbering is relative to the coding DNA sequence of PITX2A, wherein nucleotide +1 is the A of the ATG translation initiation codon. The mutations are described as suggested by den Dunnen and Antonarakis. 21 Some of the published mutations are therefore re-described accordingly. HD, homeodomain; OAR, OAR domain; ND, not determined. Axenfeld -Rieger syndrome Z Tümer and D Bach-Holm transactivation function of the protein in varying degrees (Table 3) .
Phenotypic features of Foxc1 and Pitx2 knockout mice
Homozygous null mutants of Pitx2 generated from a targeted null allele (Pitx2 À/À ) exhibit septal and valve defects, single atrium, abnormal cardiac positioning, pulmonary isomerism, omphalocele, early arrest in pituitary development, defect in tooth organogenesis, defective development of the mandibular and maxillary facial prominences and multiple eye defects. 59 -61 Heterozygote Pitx2 þ /À mice have thinning of the ventral body, small body size, eye and tooth defects as described in some studies, 59, 60 whereas in other studies heterozygote alleles do not show an obvious haplosufficiency phenotype. 61 Overexpression of Pitx2 in mouse corneal mesenchyme There is no obvious correlation between the localization of the mutation in the PITX2 gene and the severity of the phenotype (Table 2 ). For example, the Arg62His mutation within the homeodomain may lead to both ARS and ring dermoid of cornea (Table 2) . However, functional studies give clues to the effect of the mutation on the phenotypic outcome ( Table 2 ). An illustrative example is the two consecutive missense mutations within the homeodomain (Val83Leu and Arg84Trp), which lead to ARS and iris hypoplasia, respectively. Functional studies showed that the Val83Leu mutation was a gain-of-function mutation, 67 whereas the Arg84Trp mutation resulted in reduced DNAbinding and transactivation, 68 giving a plausible explanation to the differences in the clinical severities. The characterized PITX2 missense mutations imply that the severity of the clinical phenotype is proportional to the residual function of the mutant PITX2 proteins. 68 In heterozygotes, 50% of the function will result in severe ARS form, but additional activity contributed by mutant allele may result in milder forms.
68
FOXC1 mutations are mainly detected in patients with isolated ASD, but systemic abnormalities have also been described ( Table 3 ). The most common extraocular changes observed are heart abnormalities and hearing loss. As for the PITX2 gene, the same FOXC1 mutation may lead to different clinical manifestations. For example, the Leu86Phe mutation leads to ocular changes in one patient; meanwhile, another patient has several systemic abnormalities, including obesity, short stature, myocardial infarction and dental abnormality (Table 3) . Functional studies of the FOXC1 missense mutations do not imply a strong correlation between the protein function and the phenotype (Table 3 ). Strungaru et al 69 suggest that patients with FOXC1 duplication have a more severe prognosis in glaucoma development compared to patients with intragenic FOXC1 mutations.
Diagnostic approaches
Clinical diagnosis
In the clinic, ARS patients are mainly diagnosed by the ophthalmologists and the diagnosis remains primarily clinical. As systemic changes are occasional findings of ARS, it will be useful to examine the patient for further changes, such as face and tooth abnormalities (microdontia, hypodontia, oligodontia and adontia), redundant periumbilical skin and facial dysmorphism to facilitate the diagnosis. In case of an ASD, it is important to examine the patient annually with slit lamp examination, including gonioscopy, IOP measurements and funduscopy to assess the retinal nerve fiber layer and optic nerve head, evaluating if the patient develops glaucoma. Autoperimetry (automated measurements of the visual fields) is necessary whenever glaucoma is suspected. As ARS is a congenital disorder, the patient may be very young raising problems in ophthalmological examinations and may necessitate application of general anesthesia.
Genetic diagnosis
A patient with ARS may have a mutation in either of the genes, PITX2 or FOXC1 (Figure 3 ). Finding of a systemic change is suggestive of a PITX2 mutation, but FOXC1 mutations cannot be excluded from patients with systemic symptoms. As the mutation spectrum for both PITX2 and FOXC1 is very broad, several different methods should be applied for the genetic diagnosis of ARS. The most frequent mutations of PITX2 or FOXC1 are intragenic mutations, which can normally be detected by direct sequencing using patient DNA. Microscopic or submicroscopic deletions (for PITX2 and FOXC1) or duplications (for FOXC1) can be investigated using FISH, quantitative PCR or MLPA (multiplex ligation-dependent probe amplification). High-resolution array-CGH (microarray-based comparative genomic hybridization) may be an advantageous alternative as it is possible to investigate both PITX2 and FOXC1 at the same time with this technology and this may also give the opportunity to isolate a yet unidentified gene associated with ARS. As a substantial number of PITX2 mutations are balanced chromosome rearrangements, classical chromosome analyses should also be carried out in cases, wherein a mutation cannot be detected by the above mentioned methods.
The underlying genetic defect is unknown in B60% of ARS patients and partial gene deletions of PITX2 or FOXC1 may be the causative defect in a number of cases. This is illustrated by the finding of an intragenic deletion of PITX2 in an ARS patient using quantitative genomic PCR analysis. 70 This deletion can neither be detected by mutation screening because of the presence of the wildtype allele, nor by FISH analysis and array-CGH because of the resolution limit. MLPA may be a suitable method, as it enables to perform multiplex PCR reactions in which several specific sequences are simultaneously quantified. Using this method, it is possible to detect both the submicroscopic chromosome rearrangements and intragenic deletions/duplications of PITX2 and/or FOXC1 simultaneously in ARS patients.
Treatment
The most important symptom that necessitates treatment in ARS is glaucoma. In case of glaucoma, medical therapy is recommended before the initiation of surgical intervention. Medications that decrease aqueous output (b-blockers, a-agonists and carbonic anhydrase inhibitors) are more beneficial than those affecting outflow. However, a-agonists should be used with caution in young children because of the potential for CNS depression. 71 If medical therapy is not enough, procedure of choice is trabeculectomy with the adjunctive use of antimetabolites. In case of congenital glaucoma, surgery is preferred. In addition, if photophobia is present in patients with corectopia and polycoria, they may use contact lenses to cover the holes in the iris.
